ABSTRACT When a local colonization in a new niche occurs, the new derived population should be subject to different selective pressures from that in the original parental population; consequently it is likely that many loci will be subject to directional selection. In such a quick adaptation event through environmental changes, it is reasonable to consider that selection utilizes genetic variations accumulated in the precolonization phase. This mode of selection from standing variation would play an important role in the evolution of new species. Here, we developed a coalescent-based simulation algorithm to generate patterns of DNA polymorphism in both parental and derived populations. Our simulations demonstrate that selection causes a drastic change in the pattern of polymorphism in the derived population, but not in the parental population. Therefore, for detecting the signature of local adaptation in polymorphism data, it is important to evaluate the data from both parental and derived populations simultaneously. L OCAL adaptation is one of the driving forces of speciation (Coyne and Orr 2004; Beaumont 2005) . Consider a biallelic locus with alleles A and B in a single population. It is assumed that there is little fitness difference between A and B. Suppose that a small subset of the population migrates to a new niche with a different environment, where B is advantageous over A. Then, it is likely that this locally adapted allele B becomes fixed in the derived local population, providing an opportunity for the evolution of a new species.
L
OCAL adaptation is one of the driving forces of speciation (Coyne and Orr 2004; Beaumont 2005) . Consider a biallelic locus with alleles A and B in a single population. It is assumed that there is little fitness difference between A and B. Suppose that a small subset of the population migrates to a new niche with a different environment, where B is advantageous over A. Then, it is likely that this locally adapted allele B becomes fixed in the derived local population, providing an opportunity for the evolution of a new species.
One of the nice examples is the body armor evolution in sticklebacks, which distribute from oceans to freshwater lakes and streams. It has been believed that marine sticklebacks have spread and colonized in freshwater lakes and streams multiple times. One of the phenotypes specific to the freshwater sticklebacks is the reduction in the body armor. The marine sticklebacks typically have extensive armor plates from head to tail, while the freshwater sticklebacks retain only part of them. Because the freshwater stickleback populations are usually isolated from one another, parallel evolution of the body armor reduction has been suggested. Recent molecular evidence (Colosimo et al. 2005 ) demonstrated that genetic variation in a single gene called Ectodysplasin should be responsible for most of this evolution. A low-plate allele at this locus is shared by all investigated freshwater populations (except for one Japanese population). It was found that in these freshwater populations, the low-plate allele is completely fixed, while the allele is found in the marine populations in very low frequencies. It is suggested that repeated fixation of the low-plate allele in the marine populations occurred when sticklebacks colonized in freshwater lakes and streams. Domestication also offers typical situations of the fixation of standing variation in the cultivated species (e.g., Doebley et al. 2006) . Our ancestors have domesticated a number of animals and plants in our history for several tens of thousands of years, and the process is still ongoing. Domestication is usually initiated with a small subset of the population of its wild progenitor. In this small founder population, some already-existing variants are subject to humans' extremely strong selective pressure to achieve desired phenotypic characteristics. Subsequently, these beneficial phenotypes can be fixed in the founder population in a very short time.
The advantage of this mode of selection is that it does not have to wait for a new mutation to adapt to new environments (including artificial environments). It may be argued that standing variation plays important roles in adaptive evolution especially when there are rapid environmental changes. The purpose of this note is to provide a guideline on how to detect such selection in DNA polymorphism data. Figure 1 illustrates the model considered. It is supposed that a small part of the large population colonized in a new niche at time t s , while the major part of the large population still remains. The population before t s is referred to as the ancestral population, and the two descendant populations are called the parental and derived populations, as illustrated in Figure 1 . Let N 0 be the diploid effective population size of the ancestral population, in which it is assumed that two alleles, A and B, are segregating with frequencies 1 À p 0 and p 0 , respectively, at time t s . Let N 1 be the size of the parental population after t s . It is assumed that N 0 and N 1 are constant. At time t s , a new small population (derived population) is established in a new niche with a new environment, and let N 2 be its effective population size. As this population should be a subsample of the ancestral population at t s , it is reasonable to assume that the initial frequency of B in this population is also p 0 . Suppose that this allele is advantageous conditional on being in this new niche, so that it could contribute to local adaptation to the new environment. Following the colonization, the model allows a population expansion event at time t e , changing the population size to N9 2 . The population sizes before and after t e are assumed to be constant.
The frequencies of B in the two populations change over time due to random genetic drift and selection. The model emphasizes selection in the new local population, where the relative fitnesses of an A/A homozygote, a B/A heterozygote, and a B/B homozygote are given by 1, 1 1 2sh, and 1 1 2s, respectively (we assume h ¼ 0.5 throughout this study for simplicity). No selection is here considered in the ancestral and parental populations (s ¼ 0), but it is easy to incorporate selection in those populations into the model. The current frequencies of B in the parental and derived populations are denoted by p 1 and p 2 , respectively.
A typical pattern of local adaptation from standing variation would be that the beneficial allele, B, is fixed in the local derived population, while the two alleles may still be segregating in the current parental population. The major goal of this study is to understand how such selection affects the pattern of nucleotide polymorphism in the derived population. Then, we seek for an effective method to detect the signature of selection in polymorphism data. The results would contribute to the identification of genes that have played a significant role in recent local adaptation.
We have previously demonstrated that this mode of selection may not leave as strong a signature as the standard selective sweep from a single mutant, which usually causes a drastic reduction of polymorphism (Innan and Kim 2004) . We also showed that the statistical power to detect selection from standing variation is fairly low when we use the polymorphism data in the local population alone. Here, we quantitatively show that we can improve the power substantially when we compare the patterns of polymorphism in both of the two populations. The rationale behind this idea is that selection can be detected most efficiently when the patterns of polymorphism right before and after the duration of adaptive selection are both observed. This is very difficult in natural populations in most cases, but if the selection event is recent, we expect the current pattern of polymorphism is similar to that right after the selection event. As an approximate to the pattern before selection, we may be able to use the current polymorphism pattern in the parental population because this population is free from selection. The change in the pattern of polymorphism would be slow at a neutral region, especially when the population size is large, and this might be the case for the parental population.
This idea has been extensively applied to domesticated species such as maize. A classic example is the work of Doebley and colleagues (Wang et al. 1999 ), who demonstrated that the level of polymorphism in maize is significantly reduced (in comparison to its wild progenitor) in the regulatory region of the tb1 gene, suggesting the operation of strong selection specific to maize. In addition to a number of follow-up studies for maize (e.g., Wright et al. 2005) , this approach has also been used for Drosophila melanogaster and humans (i.e., African vs. non-African populations; Schlö tterer 2002 Schlö tterer , 2003 Kayser et al. 2003; Sabeti et al. 2007; Tang et al. 2007) . Interesting examples of the demonstrations of selection include the spread of malarial-resistant alleles in non-African human populations (Tishkoff et al. 2001) .
To quantitatively evaluate the advantage of using polymorphism data of joint sampling from two popula- tions, we developed a simulation algorithm to generate patterns of polymorphism under the scenario of local adaptation described above. A coalescent simulation for the model outlined in Figure 1 can be performed in a manner similar to that in Innan and Kim (2004) . First, the trajectories of allele B in the three populations are determined, given its frequency p 0 at t ¼ t s . The trajectory in the ancestral population is determined by simulating the frequency change backward in time, starting with p 0 at t ¼ t s , as described in Innan and Kim (2004) . The trajectories in the two descendant populations are independently determined by forward-in-time simulations. In the simulation for the derived population, if allele B is lost by time t ¼ 0, the recursion starts again at t ¼ t s until a trajectory with p 2 . 0 is obtained.
Next, the genealogy for n 1 sequences from the parental population and n 2 sequences from the derived population is constructed by the coalescent-withrecombination algorithm conditional on two allelic classes (Hudson and Kaplan 1986; Kim and Stephan 2002) . In this case, each population is subdivided by the A and B alleles, and the trajectory of B obtained above specifies their frequencies at a given time and population. From t ¼ 0 to t s , the ancestral recombination graph (ARG) conditional on two allelic classes (Griffiths and Marjoram 1997; Kim and Stephan 2002 ) is built separately for both populations. Let R 0 be the population recombination parameter (scaled by N 0 ); that is, R 0 ¼ 4N 0 g, where g is the recombination rate per generation.
In the parental population, the simulation starts with m chromosomes carrying B alleles and n 1 À m chromosomes carrying A alleles at t ¼ 0, where m is determined by binomial sampling with probability p 1 . The simulation for the derived population from t ¼ 0 to t s is identical to that for the postdomestication period in Innan and Kim (2004) . At the end of constructing genealogy for the parental population (t ¼ t s ), there are n 1A (n 1B ) ancestral sequences, i.e., the edges in the ARG, carrying A (B). Similarly, n 2A and n 2B ancestral sequences carrying A and B, respectively, remain in the derived population at t ¼ t s . Then, these ancestral sequences from the two populations are combined to start the ARG in the ancestral population. Namely, the ARG starts at t ¼ t s with n 1A 1 n 2A edges linked to A and n 1B 1 n 2B edges linked to B. The construction of ARG continues until t ¼ max(10N 0 , 10N9 2 ).
The joint genealogy for n 1 1 n 2 sampled sequences is extracted from the ARG for all individual sites. Then, mutations are added on the genealogy following the Jukes-Cantor model of sequence evolution (Jukes and Cantor 1969) . The number of mutations over a unit length of branch (4N 0 generations) is Poisson distributed with population mutation parameter u 0 , which is u 0 ¼ 4N 0 m, where m is the mutation rate per generation.
A number of patterns of polymorphism were simulated following the procedure described above. N 0 ¼ 100,000 is fixed throughout this study. Figure 2 contrasts the patterns of polymorphism after sweeps from a single mutation ( Figure 2A ) and from standing variation ( Figure 2B ). We focus on the levels of polymorphism within and between populations measured by p 1 , p 2 , and p b (see Table 1 ) and Tajima's D in each population (TD 1 and TD 2 ) that summarize the allele-frequency spectrum of polymorphism (Tajima 1989) . Here, we assume that the ancestral population is split into two populations with sizes N 1 ¼ 0.9N 0 and N 2 ¼ 0.1N 0 at time t s ¼ 0.1N 0 and then a 10-fold increase in population size occurs in the derived population (N 9 2 ¼N 0 ) at time t e ¼ 0.05N 0 . u 0 ¼ 0.01 per site is assumed, and the recombination rate per adjacent sites is assumed to be the same as the mutation rate (R 0 ¼ u 0 ). In each replication, a 50-kb region was simulated, and the spatial distributions of p 1 , p 2 , p b , and TD 1 and TD 2 were investigated by a window analysis with size 5 kb.
We first carried out a number of simulations with a sweep from a single mutation that arose at the same time as the population split event t s ¼ 0.1N 0 generations ago. The selection intensity is assumed to be s ¼ 0.005 (2N 2 s ¼ 100), and the target site of selection is located at the center of the simulated region. The observed patterns from the simulations are quite similar, and we show the results from three runs with typical patterns in Figure 2A . For each run, the profiles of the levels of polymorphism along the sequence are shown in the left graph and the distributions of Tajima's D are in the right one. It is demonstrated that the reduction in p is observed in a wide region around the target site of selection (i.e., p 2 is represented by solid stars) because the haplotype on which the beneficial mutation arose has spread very rapidly in the derived population. Although recombination prohibits the complete fixation of that haplotype in the entire recombining chromosome, we likely observe a wide dip in the distribution of p for the parameters chosen. Theoretically, the width of the dip depends on the selection intensity and the recombination rate (Kaplan et al. 1989; Stephan et al. 1992) . In the parental population, which is free from selection for the beneficial allele, the level of polymorphism (i.e., p 1 represented by solid rectangles) is distributed around its expectation, which is $0.01. The distribution of p b is very similar to that of p 1 because the derived population is so young that both p 2 and p b primarily reflect the pattern of polymorphism at t s . Similarly, the reduction of Tajima's D is observed in a wide region around the target site of selection only in the derived population (solid stars in Figure 2A) , indicating a wide region of skewed allele-frequency distribution toward rare alleles. Similar patterns for p and TD are observed for almost all simulations as demonstrated in Figure 2C . Figure 2B shows the simulation results with a sweep from standing variation. Three runs of simulations with typical patterns were arbitrarily chosen to demonstrate the point. All parameters are the same as those for Figure 2A , except that the frequency of B at t s is p 0 ¼ 0.1. The pattern of the polymorphism level in the derived population seems quite variable under this setting: the patterns include those with almost no visible reduction in p 2 and TD 2 (e.g., the middle graphs of Figure 2B ) and those with quite a sharp dip (e.g., the top graphs). The signature of selection from standing variation is not as clear as that of a complete sweep from a single mutation (see also Figure 2D ), in agreement with our previous study and others (Innan and Kim 2004; Hermisson and Pennings 2005; Przeworski et al. 2005) . This is simply because there could be nucleotide variation within B accumulated in the preselection phase (i.e., before t s ), and the amount of polymorphism is determined by the frequency of the allele and the mode and intensity of selection (Innan and Tajima 1997, 1999) . Nevertheless, the direction of the signature is similar. In general, p 2 is reduced around the target site of selection in the derived population, and, more importantly, the effect can be well contrasted when compared to those in the parental population.
On the basis of these observations, we consider several summary statistics to detect selection in polymorphism data (summarized in Table 1 ). First, the reduction in the level of nucleotide polymorphism would be a typical signature of selection. There are two major statistical approaches to detect such a signature. One is to test the reduction at the focal region relative to the orthologous region of a closely related species or population (Vigouroux et al. 2002; Wright et al. 2005) , while the other is to test against other regions in the same species (Hudson et al. 1987; Schlö tterer 2003) . One of the purposes of this study is to investigate which approach is more powerful. As a representative of the former, we use the summary statistic, Dp ¼ p 2 /p 1 . The reduction may also be measured in terms of haplotype-based heterozygosity, denoted by DH ¼ H 2 /H 1 . A haplotype is defined as those with completely identical sequences.
For the latter, we consider tests using polymorphism data in the derived population alone. One of such tests can be performed in the framework of the HudsonKreitman-Aguadé (HKA) test (Hudson et al. 1987) . The original form of the HKA test examines if the levels of polymorphism in multiple regions are consistent with each other by using the divergence data from an outgroup to correct for the mutation rate variation across regions. A modified version of the HKA test (Innan 2006) should be suitable in the situation here, where we wish to evaluate the effect of selection in the focal region. In this new version called the genomic HKA (gHKA) test (Innan 2006) , a summary statistic r is used, which is the ratio of the level of polymorphism in the focal region to the divergence (see Table 1 ). The gHKA test examines whether this r is statistically consistent with the average over multiple reference regions, which are supposed to be neutral. We evaluate the power of the gHKA test, which is applied to the derived population. We consider two cases: l ¼ 1 and 10 reference regions are available. In the reference regions, the sizes and the mutation and recombination rates are assumed to be identical to those in the focal region. The statistic r should be reduced by adaptive selection in the derived population.
Adaptive selection in the derived population would dramatically change the genetic composition in this population, thereby enhancing the difference between the two populations. Therefore, it is easy to imagine that measures of population differentiation such as Wright's F ST (Wright 1931) would be increased, as pointed out by Lewontin and Krakauer (1973) . Here, F ST is measured in terms of nucleotide and haplotype diversity (i.e., p and H), denoted by F STp and F STH , respectively. A drastic change in Tajima's D after a sweep suggests that DTD ¼ TD 2 À TD 1 might also be a good summary statistic, in addition to Tajima's D in the derived population itself (i.e., TD 2 ).
We have also developed a new summary statistic focusing on the most common haplotype in the derived population (MC2). When selection from standing variation is completed, it is likely that the frequencies of one or a few haplotypes carrying the beneficial allele should be increased by selection. Therefore, if the haplotype diversity is measured in terms of the heterozygosity of MC2, which is defined as because the summary statistic cannot be computed when the parental population does not have MC2, which frequently occurs when t s and/or u are large. This drawback should reduce the power to detect selection as is shown below.
The power of these summary statistics to detect adaptive selection from standing variation was evaluated by large amounts of coalescent simulations under variable situations. The power of summary statistic S is defined as the proportion of simulation runs (in percentile) that reject the neutrality at the 5% level. We first used the demographic model and the mutation and recombination parameters that are identical to those in Figure 2 . The null distributions of the nine summary statistics were obtained with neutral simulations, from which the 95% confidence intervals were computed. For all test statistics, one-tailed tests were applied. Then, additional simulations with selection (10,000 replications for each parameter set) were carried out to evaluate the power of the nine test statistics. The selection parameters are set such that s ¼ 0.005 and 0.001 (2N 2 s ¼ 100 and 20). We investigated the cases with p 0 ¼ 0.01, 0.02, 0.05, 0.1, 0.2, and 0.5 in addition to a sweep from a single mutation (i.e., p 0 ¼ 1/2N 2 ). The sample sizes from the two populations were set to be n 1 ¼ n 2 ¼ 50. We chose this pair because n 1 ¼ n 2 ¼ 50 is sufficiently large so that using more samples does not improve the power much (data not shown).
The extent to which selection affects (in terms of the length of the chromosomal region) is determined by a function of the selection intensity and the mutation and recombination parameters; therefore, the power to detect selection may also depend on the size of the region to which a summary statistic is applied. We investigated the power of the nine summary statistics for L ¼ 1000-and 5000-bp regions. The result is summarized in the middle graphs (top for L ¼ 1000 bp and bottom for L ¼ 5000 bp) in Figure 3A .
For the strong selection case (s ¼ 0.005) with L ¼ 5000 bp, the common pattern for all summary statistics is that the power decreases as p 0 increases, in agreement with our previous study (Innan and Kim 2004) . F STp is overall the most powerful summary statistic among the nine, and Dp is the second best. These two best ones are based on p and similar statistics based on H (i.e., DH and F STH ) , the heterozygosity of MC2, the most common haplotype in the derived population. 
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Noteare not as good as Dp and F STp . The situation is similar for MCH. The performance of TD 2 and DTD is not as good as that of Dp and F STp . Our previous study (Innan and Kim 2004) showed that the HKA test generally has more power to detect selection from standing variation than Tajima's D, which is again demonstrated in this study. The power of the gHKA test with l ¼ 1 and 10 reference regions is much higher than that of Tajima's D. The effect of the number of reference regions on the power to detect sweeps may be relatively minor as pointed out by Innan (2006) .
One of our motivations in this study is that we anticipated more chance of detecting selection when the polymorphism patterns in the two populations are compared than when the pattern in the focal region is compared with those in different regions in the same population. The former type of test statistics includes Dp and F STp , while the HKA test would represent the latter type. Here we clearly show that the performance of the gHKA test is not as good as that of F STp and Dp, the former type of tests. These results support our idea.
When s and L are changed, F STp is not always the best. For example, when L ¼ 1000 bp (middle bottom graph in Figure 3A) , Dp is the best for small p 0 while F STp is better for large p 0 . The power of haplotype-based summary statistics is improved especially when p 0 is small. The performances of DH and F STH are almost as good as (and occasionally exceed) those of Dp and F STp .
It should be noted that the power and p 0 are not in a perfect negative correlation, which is quite against our intuition. This is simply because the fixation of the beneficial allele was not completed in some replications, causing a reduction in the power. This frequently happens when p 0 is small because t s is not sufficiently long for the fixation. It appeared that F STp is sensitive to this effect in comparison with the others. This effect is also large when L ¼ 1000 bp in comparison with the case of L ¼ 5000 bp.
To investigate the effect of t s on the power, Figure 3A includes the results for two other t s (0.05N 0 and 0.2N 0 ) while the other parameters are the same. If the effect of incomplete sweeps is taken into account, it is clearly shown that the power decreases with increasing t s because the accumulation of new mutations obscures the footprint of selection.
The overall pattern is similar under different demographic parameters. We have investigated the power of the nine summary statistics in another two demographic scenarios. The first one assumes the same parameters as those for Figure 3A except that the population expansion is not allowed in the derived population (i.e., N 2 ¼ N 9 2 ). In this no expansion model, the efficacy of selection is reduced because it is positively correlated with the population size. Subsequently, the power is generally reduced as shown in Figure 3B . Similarly, in the third demographic model where the ancestral population splits into the two populations with the same sizes (i.e., N 1 ¼ N 2 ¼ N 0 /2), the power of all summary statistics is increased (because of the increase of the population selection parameter, 2N 2 s), while the overall pattern of the relative power remains similar ( Figure 3C) . Thus, this note introduced an algorithm to simulate patterns of polymorphism in both parental and derived populations when the latter experienced a sweep from standing variation. Extensive simulations were performed to investigate the power of the summary statistics summarized in Table 1 . Our power simulations are considered to be an extended version of Teshima et al. (2006) , who investigated similar selection modes in a single population. The power of all summary statistics is high when t s is small, but decreases substantially as t s increases. When selection starts from standing variation, p 0 is a crucial factor to determine the likelihood to detect selection. Overall, we found that the performances of Dp and F STp are good, although not always best. F ST has been one of the commonly used summary statistics to detect signatures of local adaptation (e.g., Pogson et al. 1995; Akey et al. 2002; Storz and Nachman 2003; Storz and Dubach 2004 ) (see also Beaumont 2005 , for a review). Our results confirm the usefulness of this measure, in agreement with Vitalis et al. (2001) and Beaumont and Balding (2004) .
We showed that it is much more powerful to detect selection when we use summary statistics that capture the difference in the patterns of polymorphism between recently diverged populations. This can be fairly demonstrated by comparing the performance of two tests with similar properties, Dp and gHKA: both focus on the reduction of the level of polymorphism, but the former uses the level of polymorphism in the orthologous region in the parental population as a control, whereas the latter uses those in different regions in the same population (species). In almost all parameter sets investigated, the power of the former is larger than that of the latter. These results indicate the importance of joint sampling from both the derived and the parental population, because the latter can be used as a good control. Understanding what regions in the genome played a significant role in local adaptation would provide insights into the mechanism of speciation. Our finding could be incorporated in such approaches.
